A story about "making"
a Jet or a lightsaber.

s Magnetic Field is

. the secret behind
the mysterious power
of the universe.
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Astrophysical jets - ms7

collimation : ~1076 (~10/10)

25,000 pc 0.5 pc 0.05 pc

Blandford et al. 2019; EHT Collaboration 2021



Astrophysical |ets

* superluminal motion

Vapp = C

* geometrical effect =2 relativistic
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Astrophysical |ets
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Astrophysical |ets

* Relativistic (I~100)
* Collimation (6~1°)
* Propagating scale many order of magnitude (~101° Rg)

* Variability
* Broadband wavelength emissions
* Polarization



Astrophysical jets: problems

* Jet launching, acceleration, collimation
* Energy dissipation and particle acceleration

* Radiative processes vs. observations
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Astrophysical jets: problems

* Magnetic centrifugal force
* Magnetic pressure gradient force
* Pinch force -

- magnetically driven (BZ/BP)

* Jet launching, acceleration and collimation

numerical versus quantitative analytical

* Explain observations of jets (e.qg., VLBI data)



Astrophysical |ets: magnetically driven jet

* Magnetosphere

stellar wind (Chandrasekhar,), pulsar (Goldreich & Julian, ), MHD

* Numerical

simulation (Narayan, Yuan, Tchekhovskoy, McKinney, Mizuno, Bai,), S€mi-analysis (Blandford, Narayan, Spruit,
Cao, Contopoulos, Huang, )

* Analytical
* Type I: assume magnetic field configuration (Spruit, Cao,)
* Type Il: asymptotic properties (Beskin, Lyubarsky, Komissarov, Narayan, Tchekhovskoy, )

* Type lll: monopolar, cylindrical, parabolic (Michel, Blandford, )



A global jet theory should satisty

* physically (mathematically) reasonable

* cover from non-relativistic to relativistic regime

* match observations and previous theoretical results
* explicitly analytical and comprehensive

* can be approximate, but should be accurate enough
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Part |: the equation and Its solution

* S2: the equation
* S3: the solution
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How does nature work? (1)

* Simulation: BH rotating slow or fast produce similar jet configuration
(Tchekhovskoy, McKinney & Narayan 2008)

* by chance? physical? implication? \

(twisted magnetic field, velocity) \: =
EE
* If real, rotating to be very small (~vanish), similar configuration \
A

b

_J‘

* Math expect: two terms (equations). non-rotating and rotating Ll

.



How does nature work? (I1)
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How does nature work? (Il1)

* Unless the nature works in a “subtle” way
* NO expectation
* A surprise
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* twoO solutions match each other!
* both are analytical!




S3: an approximate solution: rotating term

* ¥, magnetic flux, the natural boundary: vanish at § =0
* angular velocity, the ansatz (\ = 0 threading CO; A < 0 threading AD)

Q = ¥
* ® , the enclosed current (5 = 2)
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S3: an approximate solution: rotating term
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S3: an approximate solution: rotating term
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S3: an approximate solution: non-rotating term

02U 1 02T cotd O B

2 T 2ee T 2 ag Y
* solution U =1"Ty, ()
v o1 v % 1 v 1 1 v v 3
Th (6)=C Fill——=,=—+—=.2 — B (22 _Z 2 2 —-C ol 22
() 2Y 2 1( 2,2+2, ,y) 21(2 5’ 227;&) 114 2 1(2 27272”&)

gt 1:

Thr X 92

(L =cos f,

vI'(3/2 —v/2)T (v/2)
r1—v/2)T(v/2+1/2)’
0, T B/2=v/)T (14 v/2)

NG :

C,=




S3: an approximate solution
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S3: an approximate solution
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oS4 magnetic fleld configuration

° mag ﬂetiC Stream surface (magnetic field line rotating surface)

U = r"T, (6) = const.

VLBA at 43 GHz

MERLIN at 1.6 GHz
VLBA core at 43 GHz

EHT core at 230 GHz
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oS4 magnetic fleld configuration

* helical magnetic field @ :

Lo 20 5
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S4: magnetic field configuration |- o

* helical magnetic field
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S4: magnetic field configuration - polarization
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S4: magnetic field configuration -

Asada et al. 2002
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oS4 magnetic field on AD p mechanism)

* Strength on AD
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* Angle with AD mid-plane ( v = 3/4, <60 degree, BP)
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McKinney & Narayan 2007

S4: magnetic field at § <« 1
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ob: et velocity & acceleration

* general velocity
v=Qrsinfp +xB =E x B/B* + (B
* force-free: ignore Inertia
* Poynting flux
S = E x B/41 = vqB? /4

* drift velocity (s7)

E xB ~ B B
V=vVq = ;2 QTSiH9(¢¢B>QTSiH6(




SH: jet velocity & acceleration 5

* perpendicular to magnetic field

Up/”cb — _qu/Bp |

(51 0001) Z

* Individual components “
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SH: jet velocity & acceleration

* causality constrain
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oo jet velocity & acceleration ~
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SH: jet velocity & acceleration

three acceleration stages
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oo et velocity & accelerat

jet flow stratified:

Poynting flux and Lorentz force

vanish on axis
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S6: current & charge

The plasma supplies currents and charges as needed to support the electromagnetic field.
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S6: current & charge
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S0: jet power & electric potential difference

1 10 100 [m)y/beam]

Hada et al. 2016
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SO: jet power & electric potenUa\ difference

* Jet power (between two layers)

rg)
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S0: jet power & electric potential difference

* Jet current (3C 303)
J=/Pe ~58x10'"7"\/Py A

~ 3.9x 10 A Kronberg et al. 2011
~ 1.0 x 1010 erg s71  Zhang et al. 2018

* potential difference (Crab nebula)

> 1037 erg s—! Hester 2008

_ e 19 ~ 15
AV = /Py # LT X 107V Py = 5 107 volts - = ° L 5 0 0 Cmori et al. 2019



S/ jet dynamics

* The force (I)
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S/ jet dynamics

* The force (1) 51

Fr vy Fi &
_AN _ A
/\\

F. =|j, x B, + (i, x By) . B, (3, x By) . E+j, X B, + p.E
L =|Jp P E.]p j)BP p EJP VdJ)E ~ T Jo " &,_/
1,0 2,8, 3,5 LB b

~
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FLoa = A1 R? (82 OR OR 82) [qb i (BTD) Bp]
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d can not be exactly conserved!




S/ jet dynamics

Fp s F
sVd LE
A A .\"'%

~ ~ e s s grmrey

* The force (|) Fszppr+(jpr¢)Bpo+£jpr¢) E+J¢XB —|—pe
1,(;3 2,‘ng 3";7 \\\’i‘p
»
1 (0200 00OV [- Bs\ -
FLoa = o (az OR  OR a::) [‘” (E) Bp] L\

the following conditions equivalent: 1) The Lorentz force vanishes in the magnetic stream

i /

surface (i.e. the force-free condition applies in the surface, Fy, ¢, = 0); 2) The poloidal current
density, velocity, and magnetic field are parallel to each other j, = ®'B, /4m; 3) The current
flows in the magnetic stream surface; 4) ® conserves along a magnetic field line, and thus is
a function of ¥ only. Releasing the force-free assumption (considering the inertia of plasma)
requires that the above conditions are broken in order to accelerate the plasma fluid. As a

result, these conditions apply approximately in the limit of highly magnetized jet (see below
and e.g., Li et al. 1992).



S/ jet dynamics

* The force (I)

Fr oy Fi &
_AN _A
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Fr =j, x By +(jp X Bé)BpB
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+ (Jp X E@g E+io X By+ p.B
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11&7 Q,Bp S,E‘ 4,E 5,E
( A
B, |0V 9*0 100 _4rj,-B 20 PV 19V Q[ [/0V\*  [ow\?
F oo =P LT e P TP 22 (= ——
LE= R YoR. 92 Ror YT B2 orz V92 TrRor "o \\or) T\ %z
\ A E; " ‘5’ J)
et 920 | 1 %W t 0 OW j
(B 7z T =5 — 5 5y
/ 2 2
AR [(50)"+ (R3)7] + 5% + 258 + gt + G} (@rsing) = 0

“centripetal force” for plasma rotation and self-collimation == highly magnetized jet «== self-balance
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S/ jet dynamics

* The force (Il)

* magnetic pressure gradient force

* magnetic tension force

* electric force

1 B2 1 B2 R B2 1
FL=— B - V) B-V|(=— |+ —=—(V-ENE=—-—"22_Vv, (= )+—=—(V-E)E
47 Rp 1 4

acceleration: magnetic pressure gradient force



S/ et dynamics & flow velocity

* cold plasma
V-(pu) =0
p(u-v)u=pE+jxB

V:ersin9¢z+ﬁzB .
E=-QVVY = —Qrsin 6’& x B conserved qualities

Adrpl'k = n (V)
—B,QR &£ —-T BySR
magnetization | 0 = q} =TT =& (V)
parameter "l < | n
o+t =¢ RF%——RBQb =L (V)
Ui




S/ jet dynamics & flow velocity

* & approximately conserved for highly magnetically dominated jet flow

nE o ss1 M€
®=B,R=— o> 1=
¢ O o+1 Q

(force-free condition applies)

* However, an exact conservation of ® prevents any acceleration!

0P
P=¢6+—
Ui



S/ jet dynamics & flow velocity

* cold plasma velocity (rp = By/B, and w = QR )

_ Vigw? (1415 —w?) (-1+e2 +w@?) —e (1 + 7% — @?)
g =)@ D

1+ 1%
Y v
—|_TB_w

I . ) — (val'a)® 1+71%5 — @) (@® — 1) —2e/r3w@2 (1 + 1% — @2) (—1 + €2 + w? N-w?+r3 (1+ =
° the de\/|at|0n Dy = (1) = (wal'a) _ (g —w?) ) — 2613w (1471} —w?) (C1+e2 +w?) +€7 +15 (1+ 7]

I

* drift velocity

(val'a) @2 (w? — 1)°
(vT)? — (valq)
(val'a)

fd =

<1 (QR>1lorOR<1)



S/ jet dynamics & flow velocity

* cold plasma velocity matches
the drift velocity very well

Why the plasma fluid velocity can be represented by a pure electromagnetic field quality
- drift velocity: 1) The plasma flow is highly magnetized so that it is dynamically unimportant
and almost cannot affect the electromagnetic field configuration; 2) The ideal MHD condi-
tion indicates that the motion of the plasma fluid is governed by the electromagnetic field
configuration (freezing effect); 3) The electromagnetic field configuration is self-consistently
determined because the plasma can supply currents and charges as needed to support the
electromagnetic field.
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S/ jet dynamics & flow density

* given an avallable mass flux per magnetic flux n that still satisfies a
highly magnetically dominated condition

* pis proper density, ;p measured in lab frame

20 1+ (@QR? B

/N N
4w, 2w R* - A7Q2 R?2
pr=1p~ d B?,

STW)2



S8: black hole jet

* pseudo-Newtonian potential to measure GR effect (artemova et al. 1996)

M
r2= (r —ry)”

gBH = —

* motion equation
pu-v)u = pE + j x B + pgpuf

* magnetic force potential (o -vu/»)

B2\ ! 1
ml=o (5 ) 16 %B)| = w00
4 (1 + B2 /Bg) (v2 + T72/T2)

a=0.998 0=10,0 =7/4 and v = 3/4 —

stagnation surface

Y = rsco/r+ — 1

1— 0
~ dua§)Pr cos

(1 + Bg/Bg)

Teb ~ 1.4 1y

20

const. Qp
__f 0.95

.01 2

ﬂ: BD/Bp a
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Pu & Takahashi 2020
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S8: black hole jet

* BH angular velocity (. ~ 0.3 — 0.5 Mckinney & Narayan 2007 )

a
= foQlpy = fa
2 (1+\/1 —a2) Ie
e constraint
T (6) > Ca6> (E) :
fa
aza/min — 021/1/92/’/_1 <E> ’
fa
MZ anminR ’
2(14+v/T—aZy, ) oT

rg="4 = 1+ v1—a*)rs.



S8: black hole jet

* AD angular velocity
1 1
<

5 Ok = 3/2

Ie [(To/Tg)3/2 + a] 1y (ro/ry)
e constraint

90 — 7'('/2,

ro = 021/”7“92/”,

M > 023/1/ (UF)2 rg/v—2,
1

>3V (o) 8/v 3.
(T15C0/7g)

3/2
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S8: black hole |e

* |et properties

2016/04 2016/11 2017/06 2018/01
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1 —34.5 days + Zhou et al. 2018 }
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S8: black hole jet

* maximum velocity

1 a
(vIN) g = V1,9<<1,crs/\/§ - (2 — V)1/4 4 (1 ++1—a2
2
QR?z7! =
V2 —v

* CCS vs. outmost

Z?f;s - (1 + M) [\/22_7” (113/92) 422]1/1

* GRB (vI') < 1/6 7| Lithwick & Sari 2001

z=10°r,  (vI')gag = 150
Oop = 2sin ' (Rou/2) = 2.22°

40
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N 10

vl



S8: black hole jet

* et power (BZ)
P2 x 10— ’ (1+ﬂ)2a2 (f—ﬂ)z( U )2( Dy )2 erg 57!

2 /T o 2 fQ ? M ’ By o : _
8 v+ C12 T . . 1/2 10M 101°Gs o8 S

* Jet current (3C 303)
~ 3.9x%x 1018 A Kronberg et al. 2011
J = V Piet & 5.8 X 107 VP A ~ 1.0 x 10%*% erg s=*  Zhang et al. 2018

* potential difference |
UHE cosmic rays

AV =, [Py =~ 1.7 X 10'9y/P,, volts >1 EeV Kotera & Olinto 2011
highest ~1021 eV Abraham et al. 2010



S8: black hole jet

* et power (BZ) 2
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S59: CO/AD as boundary

* AD surface density

* Stokes's theorem to j=V x B/4x
* Gauss's theorem to pe = V-E/4m _ 2

. Br(R) G

5 v—2
To (B)= 27 _%R ’
: By(R) QR .,
Ty ()= _ Mgy

B Q
o (R =-S5 ) GOR

47 2T
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S9: CO/AD as boundary

* CO total charge

Q 1 \%E S — —Vclﬂ?"ng’o :—SQ(QB) L’Cl?"()\/ jet _ SQ(Q B)VclanFB
Am (14 v) (2 —v)\/v2+C? (1+1/)2—1/ dr(1+v) (2 —v)

* BH/AD charged vs. RL/RQ in AGN 10
* BH Chal’ge Kerr — Newman metric 12 + a2 < 1 5 /
o Q ~ ro Pet \\\ '\,
I VN i \/3.63 X 1OJ59 erg s~ ! <l Y -
At

~ Q/J ~ 10Mg min > T o5

R (rg)



S10: stability

* marginally stable to the kink instability (Tomimatsu et al. 2001)

B¢ ~ —QRBP

* spine-layer structure may be naturally stabilized
(e.g., Mizuno et al. 2007; Hardee 2007)

* M37



S11. conclusion & summary

In this paper, starting from the first principles, we study an analytical solution of a magnetized jet/wind flow. The
explicit expression of the solution makes it easy for further developments (e.g. adding radiative processes) and to
directly compare with the observational data. Our findings can be summarized as follows.

1. Through separating the force-free equation of a jet/wind plasma flow into the non-rotating and rotating parts,
we found that each of the two equations can be solved analytically and that the two solutions match each other
very well (in the regimes either § < 1 or § — 7 /2, and either non-relativistic or relativistic). Therefore, we have
a general approximate solution of a highly magnetized jet.

2. An ordered rotating magnetic field is the indispensable ingredient to globally launch, accelerate, and collimate
a relativistic jet. The magnetic stream function W = Cyr? sin” 0 o F} (1 - 3, % + 3, 2, sin” 6’) (with 0 <v <2a
free parameter) controls the poloidal magnetic field configuration being a general parabola, while the toroidal
magnetic field is determined by ® = —2QW with an angular velocity Q = a¥*. The resulting helical magnetic
field is dominated by the poloidal component within the ACS, and by the toroidal component outside. The large
scale jet configuration can be used to constrain the foot-point locations of the magnetic fields.



S11. conclusion & summary

3. For a highly magnetized jet/wind flow, the drift velocity matches the cold plasma velocity very well, which is
almost always perpendicular to the magnetic field and therefore also forms a helical structure. Acceleration from
non-relativistic through relativistic regimes is described, which is divided into three stages in the case of v < 1:
1) within the ACS, where the toroidal velocity dominates and the four velocity reads vI" = QR; 2) outside the
ACS but within the CCS, where the poloidal velocity dominates and vI' = QR; and 3) outside the CCS, where
the dominant poloidal velocity follow v’ =~ 2/ (9\/2 — V) due to a causality constraint. The acceleration in the
case of v > 1 only has the former two stages and therefore always follows vI' = QR. The large scale jet velocity
can be used to constrain angular velocity, and hence, the spin of the central BH.

4. The energy transportation of a magnetized jet/wind is dominated by the Poynting flux. The jet power is
determined by the angular velocity and the magnetic flux, i.e. Py = Q*F3/ (47% A +1]) = 2 x 10%a*MZB?
erg s~ ! in the case of magnetic fields threading a BH (A = 0 and Bs; = B/10°Gs).

5. A jet/wind flow has to carry charges so that the electric field force can balance the magnetic field force. The charge
density reads p. = —€2- B/27 (in the case of magnetic fields threading a CO, A = 0). The central rotating CO
also has to be charged to globally launch a magnetized (BZ) jet with a total charge |Q| = aFp /87 = 1o/ Piet =
2.8 x10% (1 4+ V1 — a?) Mg+/Pys C (the BH case, the sign determined by —Sg (€2 - B), Py = Pje; /10" erg s71).
Whether the BH (AD) is charged may account for the RL/RQ dichotomy in AGNs, with the aid of spin of the
BH.



S11. conclusion & summary

6. In a jet/wind flow, the toroidal current almost vanishes, while the poloidal current is about j, ~ pe.. The total
current carried by the jet reads J = \/|\ + 1| Piet & 5.8 x 10'"\/Pys A (A =0).

7. The magnetic stream surface is equipotential, within which the magnetic field lines lie, the current streams and
the plasma flows. Crossing these surfaces can in principle lead to acceleration of the charged particles, which may
be achieved through forming a gap in the polar region. The acceleration is limited by the potential difference
between two magnetic stream surfaces AV = /P /[N + 1| & 1.7 x 10'7/Pyy volts (A = 0).

8. Given an available mass flux per magnetic flux (1) that still satisfies a highly magnetically dominated condi-
tion, one has approximations of the proper density p =~ (n/47{}*) B/R* and the lab frame density p = I'p &
(n/87¥0?) B2

9. This approximate solution can (roughly) match known numerical simulation results and interpret most observa-
tions of AGN and GRB jets.



S11. conclusion & summary Jet problem

* Jet launching, acceleration and collimation

* a simple electrodynamical problem
numerically vs. analytically

— physical

* Core equatlon SOlVIﬂg (“pulsar” equation into two parts)
00— { & [(32) + (A5)°| + Z¥ + 25 + B 5E + <0} (Qrsind)’ =0
* An analytically quantitative 3D jet
(magnetic filed, velocity, density etc) . .
"By, v, QR L[ _ 20| 0 o
B, v ¢ ¢ Bp_@ pl_87r\I!QQB 2

 Match observational and numerical results:
predict more phenomena

jet shape configuration, acceleration profile (from non-relativistic . -
to relativistic), polarization pattern, limb-brightening (a hollow jet), D S | ) SR S
periodical signals (a helical jet), stratified jet etc v 2 S R (1001,

s 447 BH jet a=0.1



Thanks!



Pulsar Nebula - crab




Pulsar - misalignead

* self-balanced

* polar magnetic field

* “let-torus” feature \\ B




Pulsar - aligned

wind velocity

_ 6 Rees & Gunn 1974;
’UP — QR ~ 103 6 Kennel & Coroniti 1984

cz/GM

i

z c2/GM

!

102
R c2/GM

5x10%2

| —5x102

5x 102 108
R c2/GM

McKinney 2006




Pulsar — jet - electric pote

 Potential difference .
la
/_\V—/ E - dlg
ll 1 2 2 2 230
: QU OFp RB, > J
:_,[l va'dlE:_()\Jrl) . 2r(A+ D], 200+D|, (AFD],
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* Compact Object (UHE cosmic rays)
AV = /P ~ 1.7 x 10/Py S

>1 EeV Kotera & Olinto 2011
highest ~3 » 1020 eV Abraham et al. 2010

 Crab Nebula
AV = /P = 1.7 x 10"/ Py = 5 x 10** volts

> 1037 erg s—! Hester 2008
~ 0.45 PeV Amenomori et al. 2019
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